After brain injury, neuroblast cells from the subventricular zone (SVZ) expand and migrate toward damaged tissue. The mechanisms that mediate these neurogenic and migratory responses remain to be fully dissected. Here, we show that bromodeoxyuridine-labeled and doublecortin-positive cells from the SVZ colocalize with the extracellular protease matrix metalloproteinase-9 (MMP-9) during the 2 week recovery period after transient focal cerebral ischemia in mice. Treatment with the broad spectrum MMP inhibitor GM6001 significantly decreases the migration of doublecortin-positive cells that extend from the SVZ into the striatum. These data suggest that MMPs are involved in endogenous mechanisms of neurogenic migration as the brain seeks to heal itself after injury.
Introduction
One of the most significant paradigm shifts in neuroscience is the recognition that neurogenesis persists in adult mammalian brain (Gross, 2000) . The two most widely acknowledged pockets of active neurogenesis comprise the subventricular zone (SVZ) and hippocampal subgranular zone. Accumulating data now indicate that these areas of ongoing neurogenesis dramatically respond after brain injury, expanding and contributing to streams of neuroblasts that track toward damaged brain tissue (Arvidsson et al., 2002; Parent et al., 2002; Zhang et al., 2004 ). An important study recently showed that neurogenesis after brain injury is a functionally meaningful response; blockade of neurogenic cell division with irradiation worsens outcomes after cerebral ischemia (Raber et al., 2004) . Ultimately, the hope is that one can harness these endogenous substrates of recovery to treat a wide range of CNS disorders. To achieve this goal, a better understanding is required of the mechanisms underlying the neurogenic response to brain injury. Various growth factors have been implicated in the expansion of SVZ neurogenesis after stroke and brain trauma (Nakatomi et al., 2002; Chen et al., 2005; Schneider et al., 2005) , but how these neuroblasts migrate remain to be fully understood. Recent studies suggested that upregulation of stem cell and stromal cell-derived factors in damaged brain provide the chemokine signals that attract neuroblasts (Jin et al., 2002; Sun et al., 2004; Robin et al., 2005) . However, the question remains how these neuroblasts move through the extracellular tangle of damaged brain tissue.
Here, we hypothesize that neuroblasts migrate toward damaged brain by using matrix metalloproteinases (MMPs). MMPs form a family of zinc endopeptidases that can modulate all components of brain extracellular matrix (Yong et al., 2001; Lo et al., 2002; Rosenberg, 2002) . MMPs are involved in matrix remodeling that permits axonal extensions and recovery after CNS injury Reeves et al., 2003) . Hence, MMPs may be ideal candidates to regulate stroke-induced neuroblast migration. In this study, we use a mouse model of focal stroke to assess the role for MMPs in mediating neuroblast migration from the SVZ into damaged striatum.
Materials and Methods
Animal stroke model. Adult male CD-1 mice (Charles River, Wilmington, MA) weighing 30 -40 g were used in this study. All protocols for these studies were approved by the institutional animal care and use committee according to National Institutes of Health Guidelines. Mice were allowed free access to water and food before surgery. Anesthesia was induced with 3% and maintained with 1% halothane in a mixture of 70% nitrous oxide and 30% oxygen. Right middle cerebral artery occlusion was induced by a 7-0 nylon monofilament insertion through the external carotid artery stump following standard procedures. After 1 h, the filament was withdrawn to reperfuse the ischemic brain.
Bromodeoxyuridine cell labeling. Following standard procedures, intraperitoneal injections of bromodeoxyuridine (BrdU) (50 mg/kg; Roche Diagnostics, Mannheim, Germany) were given twice a day, at least 6 h apart, during days 5-13 after focal cerebral ischemia (Parent et al., 2002) . All mice were killed at 2 weeks after focal cerebral ischemia.
MMP inhibitor injection. Intraperitoneal injections of broad-spectrum MMP inhibitor GM6001 (100 mg/kg, i.p.; Chemicon, Temecula, CA) or vehicle (4% [w/v] carboxymethylcellose in water) was given once daily, during days 3-12 (10 consecutive days) after focal cerebral ischemia. To exclude the possibility of neuroprotective effect of MMP inhibitor, we started the injection of GM6001 on the third day after ischemia.
Confocal immunohistochemistry. Mice were killed by an overdose of sodium pentobarbital. After transcardiac perfusion with PBS and 4% ice-cold phosphate-buffered paraformaldehyde, brains were fixed overnight and precipitated in 30% sucrose solution, and frozen coronal sections (20 m thick) were prepared using a cryostat. Single and double-label immunofluorescence histochemistry was performed. Primary antibody dilutions used were 1:200 for BrdU (mouse monoclonal; Roche Diagnostics), 1:500 for doublecortin (DCX) (from the J. M. Parent laboratory), and 1:200 for MMP-9 (rabbit monoclonal; gift from Dr. Robert Senior, Washington University, St. Louis, MO). For BrdU immunostaining, DNA was denatured by incubating the tissue section in 2N HCl for 30 min at 37°C followed by a 10 min wash in 0.1 M boric acid solution, pH 8.5. Secondary antibodies used for immunofluorescence were goat antirabbit IgG conjugated to FITC (1:200; Jackson ImmunoResearch Laboratories, West Grove, PA) or tetramethylrhodamine isothiocyanate (TRITC) (1:200; Jackson ImmunoResearch), and goat anti-mouse IgG conjugated to FITC or TRITC. Images were obtained using a Zeiss (Thornwood, NY) LSM confocal laser microscope as single optical images or z-series stacks.
Image analysis. To quantify effects of MMP inhibition on DCX signals, NIH ImageJ was used to process tiff images. Three image processing steps were performed. First, a 10-pixel-wide rolling-ball subtraction algorithm was used to remove background noise (Sternberg, 1983) . Second, a two-pixel-wide median filter was used to suppress pixel noise. Image quality was visually assessed using a three-dimensional surface plot. Finally, a cutoff of mean plus 5 SDs was used to automatically threshold and calculate DCXpositive pixel numbers for five sections per brain, all centered in the SVZ axial regions. A Student's t test was used to assess differences in DCXpositive pixel counts between vehicle and MMPinhibited (GM6001-treated) brains. p Ͻ 0.05 was considered significant.
Results
Mice were subjected to focal cerebral ischemia by transiently occluding their middle cerebral arteries for 60 min. Beginning at 5 d after stroke, mice were injected intraperitoneally with BrdU twice daily for 8 d. One day after cessation of BrdU injections (14 d after stroke onset), brains were removed for analysis. As expected, the ischemic hemisphere showed an expanded SVZ with increased BrdU labeling (Fig. 1a-c) . This ipsilateral BrdU response was associated with an increase in the density of DCX-positive neuroblasts compared with the contralateral side (Fig. 1d) . Z-stack confocal analysis demonstrated that areas of elevated BrdU signal also coincided with streams of DCX-positive neuroblast cells that appeared to laterally migrate from the SVZ toward the damaged striatum within the ischemic territory ( Fig. 1e-g ).
Because we have shown previously that among the large MMP family of extracellular proteases, MMP-9 was the most responsive to acute brain injury (Wang et al., 2000; Asahi et al., 2001; Wang et al., 2003) , we sought evidence to implicate this extracellular matrix protease in our model of stroke-induced neuroblast migration. MMP-9 levels within the SVZ were higher in the ischemic hemisphere compared with the contralateral side (Fig.  2a,b) . Z-stack confocal analysis of double-stained immunohistochemistry demonstrated that MMP-9 was colocalized in cells that incorporated BrdU (Fig. 2c-e) and streams of DCX-positive structures that extended from the SVZ into damaged striatal tissue in the ischemic hemisphere (Fig. 2f-i) .
Although the colocalization of MMP-9 with these markers of neuroblast migration after stroke supports our central idea, it does not prove causality. To further test our hypothesis, we next examined mice subjected to 60 min focal cerebral ischemia, and then treated with either vehicle (controls; n ϭ 6) or 100 mg/kg of the broad spectrum MMP inhibitor GM6001 (100 mg/kg, i.p.; n ϭ 6) daily from days 3-12 (10 consecutive days) after stroke. Treatment was begun on day 3 to exclude potential neuroprotective effects of MMP inhibition during the acute stages of stroke.
Our data showed that MMP inhibition clearly suppressed the neurogenic migratory response induced by stroke. BrdU labeling at 14 d was lower in GM6001-treated mice versus vehicle controls (Fig.  3a,b) . The extension of DCX-positive neuroblasts from the SVZ into damaged brain areas was also markedly reduced by MMP inhibition (Fig. 3c,d ). Because DCX-positive structures were extensive and sometimes intertwined, precise counting of individual cells was difficult. Hence, we used an image-processing algorithm to compute pixel areas of DCX staining instead. Briefly, a rolling-ball subtraction algorithm and a median filter was used to remove background and pixel noise, respectively. These image-processing steps reduced noise and allowed us to more reliably define "hills" that represented DCXpositive signals (Figs. 3c,d ). A standard t test then demonstrated that DCX-positive signal areas were significantly reduced in mice treated with the MMP inhibitor (17,210 Ϯ 2095 pixels) compared with control mice (50,001 Ϯ 6787 pixels; mean Ϯ SD; n ϭ 6 per group; p Ͻ 0.001).
Discussion
Under normal conditions, the SVZ is an active area of persistent adult neurogenesis in the rodent brain, and neuroblasts migrate along the sagittal axis of the rostral migratory stream to populate the olfactory bulb. However, after stroke and other forms of brain injury, neuroblasts swerve away from their designated path and mi- grate toward damaged tissue instead (Lichtenwalner and Parent, 2005; Zhang et al., 2005) . Cell migration requires an active extracellular protease response. In the present study, our data show that MMPs are colocalized with BrdU and DCX-positive neuroblasts, and inhibition of MMPs significantly suppresses the movement of these neuroblasts from the SVZ into damaged tissue. These findings demonstrate that the MMP family of extracellular proteases plays a key role in mediating the neurogenic and migratory response of SVZ neuroblasts after stroke and brain injury.
The role of MMPs in brain injury has been investigated extensively. MMPs are rapidly upregulated after brain injury after trauma, ischemia, and hemorrhage (Mun-Bryce and Rosenberg, 1998; Gasche et al., 1999; Heo et al., 1999; Wang et al., 2000; Power et al., 2003) . Degradation of neurovascular substrates lead to blood-brain barrier leakage, edema, and hemorrhage (Asahi et al., , 2001 Lo et al., 2004; Tsuji et al., 2005) . Furthermore, interruption of cell-matrix signaling may also trigger anoikis-like processes of brain cell death (Gu et al., 2002; Lee and Lo, 2004) . Overall, the overwhelming evidence points to a detrimental effect in the acute phase after brain injury. Hence, there is an emerging rationale for developing MMP inhibitors for neuroprotection (Asahi et al., , 2001 Sumii and Lo, 2002; Gu et al., 2005) .
In contrast to these acute neurovascular events, what happens during the delayed stages after brain injury may be quite different. Our present study suggest that, in fact, MMPs may play beneficial roles by mediating the neurogenic response in the SVZ. By allowing neuroblasts to expand and migrate, MMPs should facilitate the endogenous recovery response in a damaged brain. Our immunohistochemistry data suggest that MMP-9 plays a role in this phenomenon. A caveat here is that our MMP inhibitor GM6001 broadly targets the entire MMP family. What other proteases may be involved? A more careful delineation of how the full spectrum of MMP family members and other proteases interact to modulate matrix and subserve neurogenesis is warranted. A second caveat involves the precise mechanisms and consequences of neuroblast migration. It remains possible that the neuroblast migration toward damaged tissue reflects an endogenous response to inflammation. Thus, insofar as MMPs are known to mediate neuroinflammation (Yong et al., 2001; Rosenberg, 2002) , suppression of neuroblast profiles in our MMP inhibited brains may simply be attributable to reductions in inflammation and may be unrelated to matrix modulation and migration per se. Although our initial survey of delayed stroke brains show no clear effects of MMP inhibitors on microglial accumulation (supplemental Fig S1 , available at www.jneurosci.org as supplemental material), the precise interactions between MMPs, cell-matrix migration, and inflammation warrant additional careful study.
There is no question that neurogenesis is amplified after brain injury. If we wish to augment these endogenous substrates of neurogenesis and recovery to treat brain injury and neurodegeneration, we have to fully understand the molecular events that subserve neuroblast expansion and migration. Our data here show for the first time that extracellular proteolysis via MMP is required for neuroblast migration as the brain attempts to heal itself. Finding ways to modulate these endogenous matrix mechanisms may allow us to ultimately enhance neurogenic recovery after brain injury and disease.
